Head-to-tail dimeric clones of both DNA A and DNA B of potato yellow mosaic geminivirus (PYMV) were constructed. These constructs were infectious when inoculated onto Nicotiana benthamiana plants either as DNA or by agroinoculation and were also infectious for tomato plants by agroinoculation. The dimers were not infectious for potato plants following inoculation by either method. Symptom induction required both DNA A and DNA B but agroinoculation with DNA A alone resulted in virus spread in 30% of the inoculated N. benthamiana plants. Leaf disc explants of N. benthamiana, tomato and potato could all be infected by agroinoculation indicating that the method of delivery of the DNA to intact potato plants was unsuitable for successful inoculation rather than an inherent inability of the virus to replicate/spread in potato per se.
Head-to-tail dimeric clones of both DNA A and DNA B of potato yellow mosaic geminivirus (PYMV) were constructed. These constructs were infectious when inoculated onto Nicotiana benthamiana plants either as DNA or by agroinoculation and were also infectious for tomato plants by agroinoculation. The dimers were not infectious for potato plants following inoculation by either method. Symptom induction required both DNA A and DNA B but agroinoculation with DNA A alone resulted in virus spread in 30% of the inoculated N. benthamiana plants. Leaf disc explants of N. benthamiana, tomato and potato could all be infected by agroinoculation indicating that the method of delivery of the DNA to intact potato plants was unsuitable for successful inoculation rather than an inherent inability of the virus to replicate/spread in potato per se. Neither whole plants nor leaf discs of sugar beet supported the replication of PYMV DNA.
Potato yellow mosaic virus (PYMV) is a typical bipartite geminivirus with a characteristic geminate morphology. PYMV originates from Venezuela and is the only geminivirus known to naturally infect potato (Roberts et al., 1986 (Roberts et al., , 1988 . The PYMV genome consists of two circular, ssDNA species, designated A and B (Coutts et al., 1991) , with open reading frames arranged in a similar organization to the genomes of other bipartite geminiviruses such as African cassava mosaic virus (ACMV), tomato golden mosaic virus (TGMV) and abutilon mosaic virus (AbMV) (Stanley & Gay, 1983; Hamilton et al., 1984; Frischmuth et al., 1990) . PYMV is most closely related to AbMV (Coutts et al., 1991) .
Infectivity studies with manually inoculated, cloned geminivirus DNAs have shown that ACMV, TGMV, PYMV and AbMV (Stanley, 1983; Hamilton et al., 1983; Roberts et al., 1988; Evans & Jeske, 1993) require both components A and B to produce a systemic infection of Nicotiana benthamiana Domin. plants. However, following agroinoculation the DNA A component alone of ACMV (Klinkenberg & Stanley, 1990) or AbMV (Evans & Jeske, 1993) is sufficient for replication and limited independent spread. As yet it is not known whether other bipartite geminivirus DNAs behave in a similar fashion in singly agroinoculated plants. A study on the infectivity of TGMV by agroinoculation of plant tissue explants with both components of the genome showed limited DNA synthesis in sugar beet, Arabidopsis thaliana and tomato. However, it was not possible to produce a systemic infection in whole tomato plants suggesting that the TGMV isolate used had lost its ability to infect its original host, presumably during passage in Nicotiana spp. prior to cloning (Stenger et aI., 1992) , although in natural situations host species would be infected by the whitefly vector.
Previously, we have shown that PYMV could only be transmitted to its natural host (potato) by grafting from systemically infected tobacco plants (Roberts et al., 1988) . Mechanical inoculation of potato plants with mixtures of the monomeric, cloned components of the PYMV genome (which were known to be infectious for N. benthamiana and were used in the successful grafting experiments above) did not result in infection. This observation suggests that the inoculum was not delivered to the correct site(s) to initiate infection and confirms difficulties encountered in re-introducing cloned, monomeric geminivirus DNAs back into their original hosts by mechanical inoculation (Gilbertson et al., 1991; Garzdn-Tiznado et al., 1993) .
In this investigation we have studied the infectivity of head-to-tail dimeric clones of the PYMV genome in host and non-host plants by mechanical and agroinoculation of whole plants or agroinoculation of leaf discs. For dimeric clone construction, recombinant DNA techniques were performed as described by Sambrook et al. (1989) and restriction endonucleases and DNA-modifying enzymes were used as recommended by the manufacturers. Cloned PYMV DNA A (pMAH2) and 0001-2590 © 1994 SGM DNA B (pMBN1) have been described before (Coutts et al., 1991) . DNA A was excised from pMAH2 using HindIII and dimerized into HindIII-digested pBinl9 (Bevan, 1984) . A head-to-tail dimer (pP2A) was identified by restriction analysis of the resulting clones. A head-to-tail dimer of PYMV DNA B in pBR328 (pBR328P2B) was produced by dimerization of the PYMV DNA B from pMBN1 (excised using NcoI) back into NcoI-digested pBR328. The dimeric PYMV B DNA was then subcloned into SmaI/HindIII-digested pBinl9 following excision from pBR328P2B at flanking Bali and HindIII sites, resulting in pP2B. The pBinl9-based clones for agroinoculation were mobilized into Agrobacterium tumefaciens strain LBA 4404 by electroporation. Briefly, A. tumefaciens was grown for 48 h at 30 °C in 20ml 2TY (Sambrook et at., 1989) containing streptomycin (300 lag/ml). The cells were finally suspended in 200 gl HEPES (1 mM, pH 7'0) after repeated washing by centrifugation and resuspension in respectively 20, 10 and 1 ml of the same buffer. Normally, 40 gl of freshly prepared cells were electroporated with the recombinant DNA using a Bio-Rad gene pulser set at 25 ~tF and 2.5 kV with the pulse controller at 200 fL Plants were maintained in accordance with the requirements of the Advisory Committee on Genetic Manipulation in an insect-free facility as previously described (Roberts et al., 1988) . Cloned DNAs were introduced into N. benthamiana, tomato (Lycopersicon esculentum L. cv. Moneymaker), sugar beet (Beta vulgaris L. cv. Monoire) and potato (Solanum tuberosum subsp. tuberosum L. cv. Desiree) either by mechanical inoculation (Roberts et al., 1988) or stem agroinoculation (Klinkenberg et al., 1989) . In some experiments the potato plants were decapitated prior to agroinoculation (Klinkenberg et al., 1989) and sugar beet plants were inoculated by crown needle-puncture (Briddon et al., 1989) .
Seedlings of N. benthamiana at the four-to-five leaf stage were manually inoculated with supercoiled pP2A and pP2B DNA, singly and in combination. As with TGMV (Hayes et al., 1988) but not AbMV (Evans & Jeske, 1993) , mechanical inoculation of tobacco plants with only a combination of both genomic, dimeric DNAs resulted in typical symptoms of systemic viral infection (Table 1) , in this case including yellow-mosaic, leaf curling and plant stunting (Roberts et al., 1986) . The monomeric clones from which the dimers were constructed were considerably less infectious than their dimeric counterparts ( Table 1) . Agroinoculation of N. benthamiana plants with a mixture of pP2A and pP2B DNA was as efficient as mechanical inoculation while only a proportion of the tomato plants and none of the potato or sugar beet plants were systemically infected following agroinoculation (Table 1 ). The symptoms of PYMV infection on tomato (yellowing, leaf curling and epinasty) were similar to those recorded previously with a different cultivar following graft inoculation (Roberts et al., 1988) . It is assumed that as with dimeric clones of other bipartite geminiviruses, infection with PYMV dimers results from the release of monomeric DNA by either a recombinational or replicative mechanism, although the presence of pairs of putative replicative origin sequences (TAATATTAC) in both constructs suggests the latter to be the prevalent mechanism in this case (Stenger et al., 1991) . To identify and characterize PYMV DNA, total cellular nucleic acids were extracted from leaves as described by Dellaporta et al. (1983) and 3 gg aliquots were analysed by agarose gel electrophoresis and Southern transfer to Hybond N ÷ membranes (Amersham), which was performed under alkaline conditions according to the manufacturer's recommendations. Blots were probed with gel-purified DNA A-specific and DNA B-specific non-homologous restriction fragments which were radiolabelled by the method of Feinberg & Vogelstein (1984) . Extracts of PYMV-infected leaves contained DNAs typical of a geminivirus infection and similar to those seen previously following infection with ACMV, TGMV and AbMV (Stanley & Townsend, 1985; Slomka et aL, 1988; Evans & Jeske, 1993) . The profile of the PYMVspecific DNAs in extracts of agroinoculated N. benthamiana (Fig. 1, lane 1) and tomato plants (results not shown) was similar to that found before with extracts of N. benthamiana plants mechanically inoculated with a mixture of the excised, monomeric clones of genomic DNA (Roberts et al., 1988) . Similar signals were obtained when Southern blots were probed with DNA B-specific probes (results not shown), but no signals were obtained with extracts of healthy plants (Fig. 1, lane 2) or extracts of inoculated but uninfected potato and sugar beet plants showing no symptoms. No systemic symptoms of infection were found in N. benthamiana plants singly agroinoculated with either pP2A or pP2B (Table 1) , and while the latter plants did not contain any PYMVspecific DNA, 30 % (8/25) of the plants agroinoculated with pP2A gave positive hybridization signals with a PYMV DNA A-specific probe and no signals with a B-specific probe in dot-blots (results not shown), indicating that infection was not the result of contamination with pP2B DNA. In the representative experiment shown in Fig. 1 a comparison between the PYMV DNA-specific forms found in extracts of N. benthamiana plants agroinoculated with a mixture of pP2A and pP2B (lane 1) and those agroinoculated with pP2A alone, which reacted positively in the dot-blots (lanes 5 to 14), revealed variations in the amounts and the profile of PYMV DNA in the latter as compared to the former. By far the most abundant form in extracts of pP2Aagroinoculated plants was monomeric ssDNA although much reduced amounts of supercoiled, linearized and open-circular dsDNAs were also present as revealed by extended autoradiography (results not shown). Similar results were reported for both AbMV (Evans & Jeske, 1993) and ACMV (Klinkenberg & Stanley, 1990) infections, and as suggested in these studies it is possible that the presence of the A component in the upper leaves of plants agroinoculated with the A component alone might be the result of spread and subsequent reinfection by A. tumefaciens. However, searches in pP2A-agroinoculated plants for the bacteria in newly developed tissue and extracts thereof, carried out as described by Klinkenberg & Stanley (1990) , failed to identify the presence of A. tumefaciens or Agrobacterium vector DNA (compare Fig. 1, lane 4 with lanes 5 to 14) in any tissue other than at the initial site of agroinoculation. lanes 1 and 2), tomato (lanes 3 and 4) , potato (lanes 5 and 6) and sugar beet (lanes 7 and 8) leaf discs following agroinocnlation with pP2A (lane 1), a mixture of pP2A and pP2B (lanes 3, 5 and 7) or pBinl9 (controls, lanes 2, 4, 6 and 8). Nucleic acids were extracted 8 days after inoculation and the blots were probed as in Fig. 1 . Abbreviations for the DNA forms are indicated as in Fig. 1 and the high M r DNA forms in lanes 1, 3 and 5 are residual Agrobacterium (AG) vector DNA.
This result suggests that as with both ACMV and AbMV, the PYMV DNA A component is able to spread independently and replicate in a limited fashion in the absence of the B component which is likely to mediate short and long distance virus spread. These observations may reflect artifacts of the agroinoculation procedure which result in PYMV D N A A being spread in the form of virions from degenerated, infected cells into the vascular system from the primary point of infection (Klinkenberg & Stanley, 1990) , but whether the presence of the B component products renders the spread more efficient as was found with AbMV (Evans & Jeske, 1993) remains to be investigated.
The ability of cloned dimeric PYMV DNAs to replicate in agroinoculated leaf discs derived from the same plants used in the whole plant agroinoculation experiments above was assayed as described previously (Elmer et al., 1988; Klinkenberg et al., 1989) in accordance with established procedures (Horsch & Klee, 1986) . Axenically grown potato plants (Adams et al., 1985) were used as a source of sterile leaf tissue in preference to greenhouse-grown plants. Leaf discs, incubated on pre-callusing media for 48 h at 25 °C under a 16 h photoperiod, were dipped into an overnight culture of the appropriate transconjugant and returned to the plates for a further 48 h. Leaf discs were then transferred to selective medium containing augmentin (Smith, Kline Beecham Pharmaceuticals; 300 gg/ml) and kanamycin (100 gg/ml) and incubated for a further 1 to 2 weeks. Agroinoculation of N. benthamiana leaf discs with a mixture of pP2A and pP2B resulted in the extensive synthesis of viral D N A similar in profile and amounts to that found in systemically infected leaves of agroinoculated whole plants. Agroinoculation of N. benthamiana leaf discs with either pP2A or pP2B alone resulted in the independent replication of pP2A only (Fig. 2, lane 1 and results not shown) . These results are similar to those found with two isolates of T G M V (Elmer et al., 1988; Frischmuth et al., 1993) , ACMV (Klinkenberg et al., 1989) , AbMV (Evans & Jeske, 1993) and Indian cassava mosaic virus (Frischmuth et al., 1993) and illustrates that as with these other bipartite geminiviruses, the PYMV D N A A component encodes all of the viral proteins necessary for viral D N A replication. Following agroinoculation of tomato and potato leaf discs with a mixture of pP2A and pP2B extracts of both were found to contain virus-specific, replicative supercoiled and genomic ssDNA of both PYMV DNA (Fig. 2, lanes 3 and 5 respectively) Frischmuth et al. (1993) for ACMV and TGMV] in the inoculum resulting in a reduced number of infected cells. The reason why potato tissue contains more virus DNA than tomato tissue is unclear but might reflect an increased replication of the A component in the former, but this requires further investigation. However, with sugar beet leaf discs no viral D N A synthesis was detected in a number of agroinoculation experiments (e.g . Fig. 2,  lane 7) even when up to four times the amounts of DNA normally blotted and probed were analysed with extended autoradiography (results not shown). This result is in contrast to that reported by Stenger et al. (1992) for T G M V DNA, which could be detected in agroinoculated sugar beet leaf discs where it replicated to a limited extent. Our inability to agroinoculate sugar beet leaf discs with PYMV D N A might reflect cultivar specificity, choice of Agrobacterium strain, or a genuine restricted virus host range as has been found with some other bipartite geminiviruses (Lazarowitz, 1991 ; Frischmuth et al., 1993) .
Our results show that the PYMV dimeric clones are highly infectious for the known hosts of the virus but that they cannot infect whole potato plants by agroinoculation. Since it is possible to graft inoculate potato plants with PYMV via scions of systemically infected N. benthamiana, our inability to inoculate potato plants with the clones is not due to an inhibition of replication and spread but is more likely due to an unsuitable method of inoculum delivery. It is possible that this is simply due to the strain of Agrobacterium used since LBA 4404 has a restricted host range. However, this seems unlikely as it was possible to agroinoculate both potato and N. benthamiana leaf discs with this strain (Fig. 2) . With these points in mind the successful inoculation of otherwise recalcitrant natural hosts by biolistic delivery (Gilbertson et al., 1991; Garz6n-Tiznado et al., 1993) is worthy of investigation for PYMV.
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